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MaBACKGROUND The hydrodynamic cause of systolic anterior motion of the mitral valve (SAM) is unresolved.
OBJECTIVES This study hypothesized that echocardiographic vector ﬂow mapping, a new echocardiographic tech-
nique, would provide insights into the cause of early SAM in obstructive hypertrophic cardiomyopathy (HCM).
METHODS We analyzed the spatial relationship of left ventricular (LV) ﬂow and the mitral valve leaﬂets (MVL) on
3-chamber vector ﬂow mapping frames, and performed mitral valve measurements on 2-dimensional frames in patients
with obstructive and nonobstructive HCM and in normal patients.
RESULTS We compared 82 patients (22 obstructive HCM, 23 nonobstructive HCM, and 37 normal) by measuring 164 LV
pre- and post-SAM velocity vector ﬂow maps, 82 maximum isovolumic vortices, and 328 2-dimensional frames. We
observed color ﬂow and velocity vector ﬂow posterior to the MVL impacting them in the early systolic frames of 95% of
obstructive HCM, 22% of nonobstructive HCM, and 11% of normal patients (p < 0.001). In both pre- and post-SAM
frames, we measured a high angle of attack >60 of local vector ﬂow onto the posterior surface of the leaﬂets whether
the ﬂow was ejection (59%) or the early systolic isovolumic vortex (41%). Ricochet of vector ﬂow, rebounding off the
leaﬂet into the cul-de-sac, was noted in 82% of the obstructed HCM, 9% of nonobstructive HCM, and none (0%) of the
control patients (p < 0.001). Flow velocities in the LV outﬂow tract on the pre-SAM frame 1 and 2 mm from the tip of the
anterior leaﬂet were low: 39 and 43 cm/s, respectively.
CONCLUSIONS Early systolic ﬂow impacts the posterior surfaces of protruding MVL initiating SAM in obstructive HCM.
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AB BR E V I A T I O N S
AND ACRONYM S
2D = 2-dimensional
CMR = cardiac
magnetic resonance
HCM = hypertrophic
cardiomyopathy
LV = left ventricular
LVOT = left ventricular
outﬂow tract
MV = mitral valve
MVL = mitral valve leaﬂets
nonobHCM = nonobstructive
hypertrophic cardiomyopathy
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1985septum (2–5). Color ﬂow strikes the posterior aspect
of the mitral valve leaﬂets (MVL) with an increasing
angle of attack as SAM progresses, consistent with a
ﬂow drag mechanism. Nevertheless, the controversy
persists, with recent reference to the Venturi mecha-
nism (6–8). Investigators observed that, in some pa-
tients, SAM may begin in isovolumic systole, before
the aortic valve opens (2,3). This movement is too
early to be explained by ejection ﬂow or by Venturi
forces. Because the mechanism of SAM has important
therapeutic implications, we studied the interaction
of early systolic LV ﬂow with the MV using a new
echocardiographic method, vector ﬂow mapping
(VFM) (9–15) (Online Refs. 7–12).SEE PAGE 1996
FIGURE 1 Three Sequential Vector Flow Maps as Early Systole Progresses in a
Normal Control Patient
(Left and center) Isovolumic systolic vortex. (Right) Ejection begins. Note the orderly ﬂow
in the outﬂow tract; the mitral valve does not protrude and there is no anteriorly-directed
ﬂow behind it. Local ﬂow velocity is depicted as yellow lines proportional to, and in the
direction of, local velocity, indicated by red vector head. Note that the aortic valve is still
closed in the left and center frames. Ao ¼ aorta; LA ¼ left atrium.
PIV = particle
imaging velocimetry
SAM = systolic anterior motion
of the mitral valve
= vector ﬂow mapping
METHODS
PATIENT SELECTION. Between October 2011 and
October 2012, echocardiograms in 3 patient groups
referred for outpatient echocardiography for cli-
nical indications were compared: obstructive HCM,
nonobstructive hypertrophic cardiomyopathy (non-
obHCM), and normal control patients. Patients were
diagnosed and included in the HCM group if they had
segmental hypertrophy $15 mm and a nondilated LV
without a hemodynamic or clinical cause for the de-
gree of thickening observed. Consecutive obstructive
HCM patients were selected if they had systolic
anterior motion (SAM) of the MV, mitral-septal con-
tact, and a resting left ventricular outﬂow tract
(LVOT) gradient $30 mm Hg. Five obstructed patients
were excluded for technical reasons. NonobHCM pa-
tients had no SAM or resting gradients. Patients with
completely normal echocardiographic examinations
were recruited as a control group. Patients were
excluded if they had mid-LV obstruction or papillary
muscle apposition with the septum, poor windows,
arrhythmia, or latent obstruction. Patients from all 3
groups signed informed consent approved by our
institutional review board.
IMAGE ACQUISITION AND MEASUREMENTS. Routine
M-mode, 2-dimensional (2D), and Doppler imaging
were performed on a Hitachi-Aloka Alpha 7 System
(Wallingford, Connecticut) and recorded on the
ProSolv (FujiFilm Medical Systems, Stamford, Con-
necticut) archiving system. Conventional measure-
ments were performed as previously described
(Online Ref. 4) and are shown in Online Figure 2.
VECTOR FLOW MAPPING. VFM is a novel method
of processing Doppler information that demonstrates
the vector of local blood ﬂow velocity in intravascularstructures (9–15) (Online Refs. 7–12). It differs
from routine color Doppler: in VFM, a post-
processing computational algorithm extracts
information from the distribution of Doppler
color ﬂow in the beam direction, estimates
the radial (perpendicular) component of the
ﬂow distribution, and displays it without
angle dependency. It is able to demonstrate
the direction and magnitude of blood ﬂow
velocity over 360 (Figures 1 and 2). To ach-
ieve a desirable frame rate for VFM imaging,
color ﬂow sector was reduced in size. 2D gain
was set to w50 dB and ﬂow gain to w60
and below artifact level. The color Nyquist
limit was set to 40 to 50 cm/s to detect low
velocities associated with mitral inﬂow and
its vortices. Color Doppler loops were ac-
quired in apical 3- and 5-chamber and par-
asternal views, primarily saving VFM loops
of the apical 3-chamber view, as this was expected
to be the most informative view.
LOOP AND IMAGE PROCESSING. See the Online
Appendix.
FRAME SELECTION. In patients with obstructive
HCM, in early systole, the frame before initial SAM of
the MV was designated pre-SAM, and the frame after
as post-SAM. The durations from the peak of the
VFM
FIGURE 2 Normal Control Frames From Moment of Coaptation in Early Systole
Reference 2-dimensional image color without Doppler (left), alias-corrected color ﬂow
Doppler (center), and vector ﬂow map (right). The mitral valve does not protrude, there is
no color ﬂow posterior to the coapted valve, and vector ﬂow is orderly and remains within
the outﬂow tract.
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1986R-wave were calculated. For both moments, we saved
reference 2D frames (without color Doppler) and
frames with color Doppler both before and after ali-
asing correction. In the control patients and in
patients with nonobHCM, frames at times corre-
sponding to those of the obstructive patients were
used for comparisons.
EJECTION FLOW OR ISOVOLUMIC VORTICAL FLOW.
Velocity vector display was enabled for pre- and post-
SAM frames. With this function, we determined the
direction and velocity of the ﬂow directly impacting
the MVL tip at the moments before and after SAM
began. We determined whether the ﬂow striking the
posterior surface of the MVL was ejection ﬂow,early systolic vector ﬂow maps in a normal patient. (A) Isovolumic vortex. No
ﬂow. (C) Ejection begins. There is orderly ﬂow in the outﬂow tract; the MV
ts with obstructive hypertrophic cardiomyopathy (HCM). (D and E) Sequential
valve (SAM). (D) In 40% of patients, isovolumic vortical ﬂow initiates the ant
ise isovolumic vortex. The anteriorly directed limb of the clockwise vortex im
AM. (E) Same patient as D but ejection ﬂow has now begun. The mitral valv
alve (MV) with a high angle of attack. The aortic valve is still closed. (F) Ano
mitral leaﬂets. In patients with obstructive HCM, ﬂow gets behind the mitra
tion; ﬂow is ﬁrst deﬂected posteriorly by the septal bulge; it then must course
r surface of the protruding MV with a resulting high angle of attack. In both
foils speciﬁcally designed for lift, lifting force declines after the angle of att
ow impacts the protruding leaﬂet tip with angles of attack of >60 before an
ant hydrodynamic force on the leaﬂets. Ao ¼ aorta; LA ¼ left atrium.
RATIONisovolumic vortical ﬂow, or a conﬂuence of the 2
acting on the leaﬂet tip.
COLOR FLOW POSTERIOR TO THE LEAFLETS. We
used the alias-corrected color ﬂow maps and the cor-
responding velocity vector map to assess the presence
of ﬂow posterior to the MVL. In ejection SAM cases,
this is the ﬂow width that overlapped the MV appa-
ratus, thus appearing posterior to the protruding
leaﬂets in the cul-de-sac between the posterior leaﬂet
and the LV posterior wall. In SAM associated with the
isovolumic vortex, it is the anteriorly-directed limb of
the clockwise isovolumic vortex.
DIAMETER LVOT AND FLOW WIDTH IN THE LVOT. In
frames showing ejection SAM, a line was drawn from
the interventricular septum to the tip of the anterior
MV; this was the anatomic LVOT width. A parallel line
was then drawn 0.5 cm above the ﬁrst line, from the
septum to where the velocity vectors approached 0;
this is the width of the ﬂow approaching and imme-
diately upstream of the LVOT. Overlap of the vector
velocity ﬂow approaching the LVOT, and the LVOT
itself, was the difference between these widths.
ANGLE OF ATTACK ONTO THE LEAFLET. The veloc-
ity vector map was used to measure the angle of
attack onto the posterior surface of the protruding
MVL in pre- and post-SAM frames. To measure the
angle, a line was drawn through the point of coapta-
tion closest to the annulus and through the anterior
leaﬂet tip. A second line was then drawn parallel to
the velocity vector of ﬂow acting locally, just up-
stream from the tip of the leaﬂet; the angle between
the lines was measured. The technique was similar to
that reported previously with color Doppler ﬂow (4)
(Central Illustration).
VECTOR RICOCHET. Ricochet vector ﬂow was
deﬁned as the reﬂection of blood ﬂow after impact
with the protruding MV that rebounds posteriorlyte that aortic valve is closed. (B) Conﬂuence of isovolumic vortex and
does not protrude and there is no anteriorly directed ﬂow behind it.
frames from a patient in whom vortical ﬂow initiates systolic anterior
erior motion. The elongated protruding mitral leaﬂets extend past the
pacts the posterior surface of the mitral leaﬂet tip with high angle of
e has been pre-positioned into the outﬂow tract. Early ejection ﬂow
ther patient who instead has ejection SAM. Note the overlap of early
l leaﬂets and sweeps them into the septum. In 60% of cases, SAM is
from a posterior to anterior direction. En route to the outﬂow tract it
E and F, note the ricochet of ﬂow off the leaﬂet into the cul-de-sac.
ack exceeds 15. In obstructive HCM patients, we found that the
d after SAM begins. At these angles of attack, drag, the pushing force
Normal Flow in Control Patient
Systolic Anterior Motion in HCM
High Angle of Attack of Flow on the Mitral Valve
LV
LA
Ao
A B C
D E F
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CENTRAL ILLUSTRATION Vector Flow Maps in Normal and Obstructive HCM Patients
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TABLE 1 Demographic and 2-Dimensional Echocardiographic
Characteristics of Patients With Obstructive or NonobHCM
and Control Patients
Obstructive
HCM
(n ¼ 22)
NonobHCM
(n ¼ 23)
Normal
Control
Subjects
(n ¼ 37) p Value
Age, yrs 55.8  14
p ¼ 0.08*
p [ 0.005†
42.5  13
p ¼ 0.16‡
48.1  17 0.02
Male 14 (64) 14 (61) 20 (54) 0.74
LVOTG, mm Hg 65.4  28
LVEDD, cm 3.95  0.4
p [ 0.004*
p ¼ 0.13†
4.18  0.6
p ¼ 0.20‡
4.35  0.5 0.02
LVESD, cm 2.29  0.4
p < 0.001*
p ¼ 0.05†
2.55  0.4
p < 0.001‡
3.10  0.5 <0.001
Anterior septal
thickness, cm
2.25  0.6
p < 0.001*
p < 0.001†
1.51  0.5
p < 0.001‡
0.95  0.2 <0.001
Posterior
thickness, cm
1.27  0.3
p < 0.001*
p < 0.001†
1.03  0.2
p ¼ 0.18‡
0.96  0.1 <0.001
Maximal segment
thickness, cm
2.39  0.4
p < 0.001*
p < 0.001†
1.86  0.4
p < 0.001‡
1.19  0.1 <0.001
AL length, cm 3.35  0.5
p < 0.001*
p [ 0.01†
2.99  0.5
p < 0.001‡
2.4  0.4 <0.001
PL length, cm 2.22  0.3
p < 0.001*
p < 0.001†
1.77  0.4
p < 0.001‡
1.31  0.3 <0.001
Coapt (between
leaﬂets) to
septum, cm
1.80  0.4
p < 0.001*
p < 0.001†
2.76  0.4
p ¼ 0.16‡
2.91  0.4 <0.001
Coapt to post
wall, cm
1.31  0.3 1.14  0.3 1.17  0.4 0.240
Protrusion
height, cm
2.57  0.3
p < 0.001*
p < 0.001†
1.85  0.6
p < 0.001‡
1.29  0.3 <0.001
Residual leaf
length, cm
1.03  0.3
p < 0.001*
p < 0.001†
0.66  0.5
p < 0.001‡
0.18  0.2 <0.001
Coapted leaf
length, cm
1.38  0.4
p < 0.001*
p < 0.001†
0.60  0.3
p [ 0.006‡
0.38  0.1 <0.001
Anterior
wall-PM, cm
2.86  0.6 2.60  0.6 2.91  0.5 0.130
Posterior
wall-PM, cm
1.85  0.5
p < 0.001*
p < 0.001†
1.43  0.3
p ¼ 0.73‡
1.47  0.4 <0.001
Diastolic E-wave 86.6  23
p < 0.005*
p ¼ 0.02†
71.8  20
p ¼ 0.86‡
70.8  19 0.010
Diastolic A-wave 83.3  27
p < 0.001*
p < 0.001†
50.2  13
p ¼ 0.05‡
61.2  17 <0.001
Values are mean  SD or n (%). Bold p values are signiﬁcant based on Bonferroni
corrected signiﬁcance level <0.0167. *p Value for obstructive HCM versus normal.
†p Value for obstructive HCM versus nonobHCM. ‡p Value for nonobHCM versus
normal.
AL ¼ anterior leaﬂet; HCM ¼ hypertrophic cardiomyopathy; LV ¼ left ventricle/
ventricular; LVEDD ¼ left ventricular end-diastolic diameter; LVESD ¼ left ven-
tricular end-systolic diameter; LVOTG ¼ left ventricular outﬂow tract gradient;
nonobHCM ¼ nonobstructive hypertrophic cardiomyopathy; PL ¼ posterior leaﬂet;
PM ¼ papillary muscle.
Ro et al. J A C C V O L . 6 4 , N O . 1 9 , 2 0 1 4
Vector Flow Mapping in HCM N O V E M B E R 1 1 , 2 0 1 4 : 1 9 8 4 – 9 5
1988into the cul-de-sac behind the posterior leaﬂet. To be
characterized as ricochet, vectors must have recip-
rocal reﬂection angles equal, by inspection, to the
angle of attack described above.
VORTEX QUANTITATIVE MEASUREMENTS. For in-
formation regarding the vortex quantitative mea-
surements, please see the Online Appendix.
VELOCITY IN THE LVOT. To assess the possible
contribution of Venturi forces on the MV tip, we
measured local velocities in the LVOT just anterior
to the tip of the anterior leaﬂet at 1 and 2 mm anterior
to the tip (13) (Online Ref. 12).
STATISTICAL ANALYSIS. Continuous variables were
described as mean  SD; categorical variables were
described by percentage. Tests of group differences of
continuous data were performed using 1-way analysis
of variance. Omnibus F-tests were used to detect
differences between groups, whereas mean contrast
tests using the error estimate from the analysis of
variance were used for pairwise group differences in
the case of any statistically signiﬁcant F-test. Chi-
square tests were used for omnibus differences be-
tween groups of categorical data, and pairwise group
differences were tested for any signiﬁcant chi-square
test using logistic regression. A Bonferroni level of
signiﬁcance <0.017 was used for each pairwise group
test to correct for multiple comparisons. The p values
for pairwise comparisons are presented only for out-
comes where the omnibus test was signiﬁcant. Pear-
son correlations were calculated to determine
relationships between maximal vortex variables and
transmitral Doppler A waves. Intraobserver and
interobserver agreement were assessed for the angle
of attack of vector ﬂow onto the MVL in pre- and
post-SAM frames. A single physician repeating 10
angle measurements at 2 different times assessed
intraobserver agreement; 2 physicians repeating 10
angles independently assessed interobserver agree-
ment. Intraobserver and interobserver agreement
were measured by calculating an intraclass correla-
tion coefﬁcient (ICC) for each assessment. On the
basis of criteria established by Nunnally (16), an ICC
>0.80 represents good agreement, whereas an ICC
>0.90 represents excellent agreement. SAS version
9.1 (SAS Institute Inc., Cary, North Carolina) was used
for statistical analyses.
RESULTS
We compared 82 patients (22 obstructive HCM, 23
nonobHCM, and 37 normal) by measuring 164 pre-
and post-SAM velocity vector displays, 82 maximum
isovolumic vortices, and 328 2D frames.
TABLE 2 Velocity Vector Display Data in Obstructive HCM, NonobHCM,
and Control Patients
Obstructive
HCM
(n ¼ 22)
NonobHCM
(n ¼ 23)
Control
Subjects
(n ¼ 37) p Value
Pre-SAM
Time of pre-SAM frame, ms 98.6  33 95.0  13 95.5  13 0.810
LVOT diameter, mm 12.9  2.4
p < 0.001*
p < 0.001†
22.8  4.6
p ¼ 0.42‡
21.9  4.6 <0.001
LVOT ﬂow width, mm 21.1  6.0 22.5  3.1 20.0  5.9 0.640
Overlap on ejection frames, mm 8.3  6.2
p < 0.001*
p [ 0.01†
1.9  4.5
p ¼ 0.35‡
0.70  4.8 0.01
Color ﬂow posterior to valve, % 91
p < 0.001*
p < 0.001†
17
p ¼ 0.28‡
8 <0.001
Ejection SAM/vortical SAM, %/% 59/41
Angle of attack,  66.9  37
Ricochet, % 55
p < 0.001*
p < 0.001†
9
p ¼ 0.07‡
0 <0.001
Post-SAM
Time of post-SAM frame, ms 125  35 123  17 125  17.5 0.900
LVOT diameter, mm 8.6  2.1
p < 0.001*
p < 0.001†
22.4  4.6
p ¼ 0.36‡
21.4  4.6 <0.001
LVOT ﬂow width, mm 20.7  5.3 20.5  5.2 18.8  4.5 0.290
Overlap on ejection frames, mm 12.0  5.3
p < 0.001*
p < 0.001†
1.9  6.3
p ¼ 0.64‡
2.6  4.5 <0.001
Color ﬂow posterior to valve, % 95
p < 0.001*
p < 0.001†
22
p ¼ 0.25‡
11 <0.001
Angle of attack,  63.8  18
Ricochet, % 82
p < 0.001*
p < 0.001†
4
p ¼ 0.20‡
0 <0.001
Values are mean  SD unless otherwise indicated. Bold p values are signiﬁcant based on Bonferroni corrected
signiﬁcance level <0.0167. *p Value for obstructive HCM versus normal. †p Value for obstructive HCM versus
nonobHCM. ‡p Value for nonobHCM versus normal.
LVOT ¼ left ventricular outﬂow tract; SAM ¼ systolic anterior motion of the mitral valve; other abbreviations
as in Table 1.
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19892D MEASUREMENTS. In the obstructive HCM pa-
tients, LV resting outﬂow gradients were 65  28
mm Hg. Obstructive HCM patients had greater septal
and maximal wall thickness and longer anterior and
posterior leaﬂet lengths, protrusion height, and re-
sidual leaﬂets compared with nonobHCM and control
patients (Table 1). Obstructive HCM patients had less
distance from between the coapted MVL to the ante-
rior septum, and greater distance from the short-axis
papillary muscle plane to the posterior wall.
VELOCITY VECTOR DISPLAY MAPS. VFM frame rates
were 38.5  10/s and did not differ between the 3
groups. In obstructive HCM patients, the pre-SAM
frame and post-SAM frames occurred 98.6  22 ms
and 125.4  34 ms after the R-wave, respectively. By
study design, there was no difference in the timing of
the measured frames between the 3 patient groups. In
control patients, LV ejection ﬂow did not overlap the
MV and, in an orderly fashion, ﬂow remained in the
outﬂow tract throughout systole (Figures 1 and 2,
Table 2).
We observed color ﬂow posterior to and impact-
ing the MVL in the early systolic frames in 95% of
obstructive HCM patients, 22% of the nonobstructive
patients, and 11% of the control subjects (p < 0.001).
In the obstructive HCM patients, early velocity
vector ﬂow overlapped the anatomic LVOT by 8 mm
in the pre-SAM frame and by 12 mm in the post-SAM
frame. The overlap between LV ﬂow and the MV was
of 2 types: it was ejection ﬂow in 13 (59%) patients
and isovolumic vortical ﬂow in 9 (41%). In ejection
SAM cases, the bulging septum initially bafﬂes ejec-
tion ﬂow posteriorly. As ﬂow courses around the
septum, it comes from a relatively posterior direction
towards the outﬂow tract, impacting the MV on its
posterior surface (Figures 3 and 4). In vortical SAM
patients, the coapted MVL protrude through the
center of the clockwise isovolumic LV vortex and into
the ﬂow coursing from a posterior to anterior direc-
tion in that limb of the vortex (Figures 5 to 7). When
either ejection or vortical ﬂow initiates SAM, in both
the pre- and post-SAM frames, vector ﬂow impacts
the posterior surface of the leaﬂets with a high angle
of attack >60. Angles of attack of anteriorly-directed
ﬂow onto the posterior MVL surface were 67 in the
pre-SAM beat and 64 in the post-SAM beat. Angle of
attack was not measured for the nonobHCM and
normal patients because there was generally no ﬂow
posterior to the leaﬂets. Ricochet of the posterior ﬂow
off the leaﬂets and into the cul-de-sac was noted in
obstructed patients on 54.5% of the pre-SAM beats
and on 82% of the post-SAM beats. It was noted in 9%
of the nonobHCM patients and in none of the controls
(p < 0.001).FLOW VELOCITY IN THE OUTFLOW TRACT AT SAM
ONSET. In the obstructive HCM patients, ﬂow veloc-
ities in the LVOT on the pre-SAM frame 1 and 2 mm
from the tip of the anterior leaﬂet were 39 and 43
cm/s, respectively.
ISOVOLUMIC SYSTOLIC VORTICAL FLOW. Vortex
area was smaller in the HCM groups combined than in
normal patients (p ¼ 0.002) (Table 3). The longitudi-
nal and anteroposterior position of the center of
maximal and pre-SAM vortices in the LV did not differ
between the 3 groups. There was correlation in the
whole group of 82 patients between the transmitral
Doppler A-wave velocity and the maximum vortex
ﬂow rate, r ¼ 0.48 (p < 0.0001); there was no corre-
lation between any vortex measurement and trans-
mitral E-wave or anterior leaﬂet length.
FIGURE 3 OHCM Patient With Ejection SAM
The top panels are all pre-SAM frames; bottom panels are all post-SAM frames. Red arrow
points to coapted mitral valve. In the top and bottom left panels, by comparing the
2-dimensional frames, early SAM can be seen. White arrows point in the middle panels to
blue color ﬂow posterior to the mitral valve and in right panels to ricochet ﬂow off the
leaﬂet and into the cul-de-sac. Note that vector ﬂow impacts the posterior surface of the
mitral leaﬂets with high angle of attack and then ricochets off the leaﬂet into the cul-
de-sac behind the valve. In normal patients’ hearts, blue ﬂow posterior to the leaﬂet and
ricochet are not seen. OHCM ¼ obstructive hypertrophic cardiomyopathy; SAM ¼ systolic
anterior motion of the mitral valve.
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1990For the angle of attack of velocity vector ﬂow onto
the posterior surface of the MVL, intraobserver vari-
ability was excellent (ICC coefﬁcient of 0.94), and
interobserver variability was good (ICC coefﬁcient of
0.82).
DISCUSSION
In this study, we observed that when SAM begins in
obstructive HCM, there is LV ﬂow that impacts theposterior aspect of the MVL tip, causing the initial
anterior motion. Early systolic velocity vector ﬂow
overlaps the anatomic LVOT by 8 mm in the pre-SAM
frame and by 12 mm in the post-SAM frame. Overlap
of early systolic ﬂow and the MV was not observed
in normal control subjects and rarely observed in
nonobstructed patients. Moreover, the anteriorly-
directed ﬂow impacts the protruding leaﬂet tip with
angles of attack of >60 before and after the begin-
ning of SAM. Even in airfoils speciﬁcally designed for
lift, lifting force declines after the angle of attack
exceeds 15 (17). At the angles of attack in the frames
before and after SAM onset, drag, the pushing force of
ﬂow, is the dominant hydrodynamic force on the
leaﬂets (Central Illustration). In obstructed patients,
there is an important contribution to drag from the
abnormally elongated MV that protrudes higher into
the LV compared with nonobstructed and control
patients, with protrusion heights of 2.6, 1.9, and 1.3
cm, respectively (18) (Online Refs. 4,13), as well as
from the previously described abnormal valve shape
and slack (2,19,20).
Despite this similarity, there is otherwise hetero-
geneity in the nature of the ﬂow that begins SAM. In
59% of patients, the early anterior motion is caused
by ejection ﬂow sweeping around the bulging
septum, overlapping with and striking the MVL on
their posterior surfaces. In the other 41%, we
observed that SAM was initiated early in systole by
the anteriorly-directed isovolumic vortex.
SAM BEGINNING DURING EJECTION. The abnormal
overlap ﬂow was seen on the native color Doppler
and velocity vector displays, appearing posterior to
the leaﬂets in the cul-de-sac (Figures 3 and 4). In
ejection SAM, the high angle of attack is set up by
incompressible ﬂow that ﬁrst is deﬂected posteri-
orly by the septal bulge and then must course from
a posterior to anterior direction. En route to the
outﬂow tract, it catches the posterior surface of the
anteriorly-positioned protruding MV, with a result-
ing high angle of attack. Although drag on the MV
in obstructive HCM has been observed previously
with conventional color Doppler (3,4) and in
experimental preparations (20), velocity vector
mapping provides greater resolution, clarity, and
simultaneity. Ricochet of blood into the cul-de-sac,
which rebounds with a reciprocal angle to the
angle of attack, is consistent with the ﬂow drag
mechanism of SAM. It is not seen in normal control
or nonobstructed patients; it is a novel observation
of this work.
SAM BEGINNING DURING ISOVOLUMIC VORTICAL
FLOW. LV isovolumic vortical ﬂow is a well-studied
FIGURE 4 OHCM Patient With Ejection SAM
Top panels are pre-SAM frames; bottom panels are post-SAM frames. The red arrows point
to coapted mitral valve. By comparing the top and bottom left 2-dimensional views, early
SAM can be seen. White arrows point in the middle panels to color ﬂow posterior to the
MV and in the right panels to ricochet ﬂow off the leaﬂet and into the cul-de-sac. Note
that vector ﬂow impacts the posterior surface of the mitral leaﬂets with a high angle of
attack and then ricochets off the leaﬂet into the cul-de-sac behind the valve (bottom
right). Abbreviations as in Figure 3.
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1991consequence of the interaction between late diastolic
LV ﬁlling and the MVL (21,22). It has been analyzed
with cardiac magnetic resonance (CMR) (14,15,21,22),
particle imaging velocimetry (PIV) (23,24), and VFM
(9–11,13). We previously noted that SAM may begin in
isovolumic systole in close temporal relation with the
“atrial reﬂected wave,” which is the component of
the anteriorly-directed isovolumic vortex in the
LVOT, shown in Online Figure 1 (3,25). Thus, we
suspected that this ﬂow might cause SAM in some
patients. In the vortical SAM patients, we observed
that the tip of the elongated MV protrudes into and
through the center of the vortex, extending into the
anteriorly-directed component of the vortical ﬂow.
The angle of attack was always high, implicating ﬂow
drag (Figures 5 to 7). In several patients, we observed
a conﬂuence of the vortical vectors with very early
ejection vectors in the LV on the post-SAM frame. In
these cases, vortical SAM pre-positions the leaﬂets
into the ejection stream, where they are impacted by
ejection ﬂow (Figure 7).
FLOW VELOCITY IN THE OUTFLOW TRACT AT SAM
ONSET. In the obstructive HCM patients, ﬂow veloc-
ities in the LVOT on the pre-SAM frame 1 and 2 mm
from the anterior leaﬂet tip were low: 39 and 43 cm/s,
respectively. Both lift and drag are generated when-
ever ﬂow traverses a surface such as the MV. Perti-
nent to the issue here, the lift-to-drag ratio declines
with decreasing velocity (17,26,27). Thus, the Venturi
contribution to SAM is very small.
CLINICAL SIGNIFICANCE. A cause of failed myec-
tomy has been surgical resection restricted to the
subaortic outﬂow tract, tailored to relieve supposed
Venturi forces in the LVOT (28,29) (Online Figure 3).
Recognition that drag is the dominant force for
SAM has led to an altered surgical approach, with
the excision extended further down into the LV
cavity when needed because of midseptal thick-
ening. This was termed an extended myectomy
(30,31), designed to redirect ﬂow away from the MV
to reduce drag forces on the leaﬂets (28). In addition
to myectomy, papillary muscle release allows the
MV to drop down posteriorly into the cavity,
explicitly separating the inﬂow and outﬂow portions
of the LV (31). After alcohol ablation, investigators
found that 78% of patients had persistent SAM and
mitral regurgitation, even when gradient reduction
was considered successful. Resistant SAM resulted
because the MVL were anteriorly interposed into the
ejection ﬂow stream (32). DDD pacing with short AV
delay for gradient reduction has unpredictable re-
sults (5). RV pacing alters the pattern of isovolumic
ﬂow by PIV; the effect of pacing on isovolumicvortical ﬂow might offer insights to improve this
therapy (33).
VELOCITY FLOW MAPPING. In VFM, the spatial dis-
tribution of Doppler velocities in the ﬂow ﬁeld allows
calculation of the component of velocity orthogonal
to the beam direction. The orthogonal velocities are
calculated with a computational algorithm that
employs the stream function of ﬂuid mechanics, as
described previously (Online Refs. 7–9,16). Previous
work with VFM has validated good accuracy in
FIGURE 5 OHCM Patient With Vortical SAM
Top panels are pre-SAM frames; bottom panels are post-SAM frames. In the left panel,
red arrows point to coapted mitral valve and the orange arrow points to the closed aortic
valve. In the middle panels, white arrowheads point to Doppler color ﬂow that forms the
isovolumic vortex. In the right panels, the thin white arrow points to the vector ﬂow maps
of the isovolumic vortex. Note that a limb of the clockwise, anteriorly-directed vortex ﬂow
impacts the posterior surface of the mitral leaﬂet tip with a high angle of attack. Abbre-
viations as in Figure 3.
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1992comparison with computer-generated ﬂow simula-
tion (Online Ref. 9), in vivo animal experiments (13),
and an ability to delineate the spatial features and
temporal evolution of LV ﬂow in patients with a wide
variety of pathologies (9–12) (Online Refs. 10–12). Our
prior work with conventional color Doppler (4) was
limited in several ways that are improved by using
VFM, including better resolution and spatial orien-
tation, especially of low-velocity vectors. This
allowed us to image vortical and ricochet ﬂow and
their relation to the valve. Moreover, VFM allows
simultaneous imaging of the ﬂow and the valveleaﬂets, which was previously difﬁcult to achieve. In
comparison to PIV, VFM has the advantage of not
requiring intravenous contrast injection, where PIV
microbubbles obscure the exact position of the MV
tip, thus interfering with simultaneous assessment of
ﬂow and the valve. CMR ﬂow visualization is gener-
ated from averaged values over many cardiac cycles,
not from single beats, and has limited spatial
resolution.
In normal patients, the anteriorly-directed iso-
volumic vortex is thought to preserve the momentum
of late transmitral ﬂow into the LVOT during the
transition from diastole to systole (21). We found a
strong correlation between the transmitral A-wave
and the maximum vortex ﬂow rate. Thus, when LV
ejection begins, blood is already moving toward the
aortic valve. This “running start” of LV ejection ﬂow
could offer efﬁciency, especially during exercise; it is
thought to explain the adaptation of the d-loop,
which is highly conserved in mammalian evolution.
Although the system normally works well, it has a low
tolerance for anatomic error; centimeter alterations in
septal and MV anatomy can lead to overlap in the
inﬂow and outﬂow portions of the LV, resulting in
SAM, either from the vortical ﬂow itself or from
ejection.
A slack MV, caused by loss of restraint from
anteriorly-positioned papillary muscles and elon-
gated leaﬂets, permits SAM (2,18,20). In obstruction,
we found increased MVL length, protrusion height,
residual leaﬂet length, and distance from the poste-
rior wall to the plane of the papillary muscles, similar
to previous reports (2,18–20). In the present study,
the relevance of these abnormalities to SAM is
demonstrated by VFM; the elongated MV extends
into anteriorly-directed ﬂow. MV plication, per-
formed at myectomy in selected patients, has been
introduced to decrease the anterior leaﬂet’s length
and stiffen it (31).
LATER IN SYSTOLE. After SAM begins, the MV is
swept toward the septum, which increases the angle
of attack onto the leaﬂets (to 40 to 45 in a previous
publication [4]) and increases form drag to such an
extent that drag is unquestionably the dominant
force later in systole. This is why we focused on the
earliest SAM in the present study. After mitral-septal
contact, the pressure gradient itself pushes the leaﬂet
further into the septum (4).
STUDY LIMITATIONS. VFM is a new technique. The
potential artifacts and pitfalls of its use have not
yet been fully elaborated. It is possible that our
observations are susceptible to artifact. However,
VFM has been validated with good accuracy (13)
FIGURE 6 Obstructive HCM Patient With Vortical SAM
Enlargement of the pre-SAM vector ﬂow map of Figure 7,
showing the relation of the anteriorly-directed limb of the vortex
and the mitral valve leaﬂets. SAM ¼ systolic anterior motion of
the mitral valve.
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1993(Online Ref. 9), and it delineates the shape and
temporal evolution of LV ﬂow similar to observa-
tions with CMR and PIV (9–15) (Online
Refs. 9,14,15). As such, we believe it unlikely that
our observations about the relation of ejection,
vortical, and ricochet ﬂow to the MV are all arti-
factual. Besides, VFM offers the only credibleFIGURE 7 OHCM Patient With Vortical SAM
Top panels are pre-SAM frames; bottom panels are post-SAM frames. In the left panel,
red arrows point to coapted mitral valve and orange arrows point to the closed aortic
valve. In the top middle panel, the white arrowhead points to Doppler color ﬂow that
forms the isovolumic vortex. In the top right panel, the thin white arrow points to
the vector ﬂow maps of the isovolumic vortex. Note that a limb of the clockwise
anteriorly-directed vortex ﬂow impacts the posterior surface of the mitral leaﬂet tip with
a high angle of attack (thin white arrow). The bottom panel shows that the aortic leaﬂets
are still closed. There is now a conﬂuence of vortical ﬂow and early ejection ﬂow that
impacts the MV with a high angle of attack (lower right enlargement). Abbreviations as in
Figure 3.
TABLE 3 Maximum Vortex in Obstructive HCM, NonobHCM,
and Controls
Obstructive
HCM
(n ¼ 22)
NonobHCM
(n ¼ 23)
Normal
Controls
(n ¼ 37) p Value
Time after
R-wave, ms
62  23
p ¼ 0.36*
p ¼ 0.14†
69  29
p[ 0.009‡
52  18 0.03
Qmax, cm
2/s 27  14
p ¼ 0.82*
p ¼ 0.06†
19  11
p ¼ 0.02‡
28  14 0.048
S ¼ area of
1/2 Qmax, cm
2
1.4  0.5
p ¼ 0.02*
p ¼ 0.56†
1.2  0.9
p [ 0.003‡
2.1  1.4 0.005
D ¼ diameter of
1/2 area, cm
1.3  0.3
p ¼ 0.07*
p ¼ 0.28†
1.2  0.4
p [ 0.002‡
1.6  0.5 0.007
Intensity ¼
Qmax/S, 1/s
18  5 19  13 15  7 0.300
Values are mean  SD. Bold p values are signiﬁcant based on Bonferroni corrected
signiﬁcance level <0.0167. *p Value for obstructive HCM versus normal. †p Value
for obstructive HCM versus nonobHCM. ‡p Value for nonobHCM versus normal.
Qmax ¼ maximum vortex ﬂow; other abbreviations as in Table 1.explanation to date of the hitherto mysterious
phenomenon of pre-ejection SAM (2,3) (Online
Figure 1). In VFM frames, vortical ﬂow may appear
to traverse the protruding MVL. Direct observations
in the operating room demonstrate that the pro-
truding leaﬂet is usually only #1-cm wide for its
PERSPECTIVES
COMPETENCY IN MEDICAL KNOWLEDGE: VFM
echocardiography demonstrates that the cause of
systolic anterior motion in patients with obstructive
HCM, rather than Venturi forces, is early systolic
ejection ﬂow (60% of patients) or isovolumetric
vortical ﬂow (40%) pushing the MVL toward the
interventricular septum.
TRANSLATIONAL OUTLOOK: Prospective studies
are needed to assess the clinical outcomes of surgical
approaches that facilitate posterior leaﬂet descent,
plicate and shorten the anterior leaﬂet, and reposition
the papillary muscles alone and in combination with
myectomy and to compare these to isolated myec-
tomy or alcohol septal ablation procedures.
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1994entire length above the coaptation plane. Thus, we
are imaging ﬂow passing on either side of the thin
protruding leaﬂet. We, therefore, believe that
vortical ﬂow has duration, despite its association
with the MV. Isovolumic vortical ﬂow is a 3-
dimensional shape, likely toroidal; we selected the
3-chamber view because we thought it would pro-
vide the most information regarding interaction
between the ﬂow ﬁeld and MV. Other observations
could be made from orthogonal views, but were
beyond the scope of this study, as were factors that
differentiate ejection SAM from vortical SAM, and
factors that determine maximal vortex velocity.
CONCLUSIONS
Using VFM, we observed that early systolic ﬂow im-
pacts the posterior surfaces of protruding MVL,
causing SAM in obstructive HCM. Two kinds of ﬂow
interaction with the MV were observed to initiate
the anterior motion: ejection ﬂow and isovolumic
vortical ﬂow.
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section as well as ﬁgures, please see the
online version of this article.
